The role of dissolved silica (silicic acid) in the migration of radionuclides has been of interest for several decades. Studies have shown that the interaction of silicic acid with the metal cations is complicated due to a tendency to polymerize which is dependent on pH, ionic strength, temperature, etc. of the system. While polymerization of silicic acid has been studied in detail, uncertainty remains on the effect of these changes on cations in environmental systems. The nature and the role of silicate species in the environmental behavior of cationic radionuclides is the focus of this review. The interaction of metal cations such as U0 2 2+ , Eu 3+ , Cm
INTRODUCTION
Silica is one of the most abundant natural compounds and occurs in amorphous and crystalline forms. The most common form is quartz which accounts for ca. 12 wt % of the Earth's crust and is present in all major rock types and surface soils. Airborne dusts containing crystalline silica are ubiquitous in the environment due to releases from the Earth's surface, from natural raw materials in industrial processes, and from construction materials such as sand, cement etc. Iler has reviewed the available data and models of the colloid chemistry of silica and silicates l\l. Silica is an important sorbent for column and thin-layer chromatography analyses in separations of a large variety of organic substances 111. It is used commercially and in research laboratories for the purification of organic compounds such as lipids, steroids, fat-soluble vitamins, and natural products. It is also used for the identification of particular organic compounds from mixtures by chromatographic procedures /3,4/.
The basic chemistry of silica is complex due to the variety of species in aqueous solution which vary with pH, ionic strength and temperature. Silicates occur normally in natural water from 20 to 60 ppm but can be as high as 100 ppm l\l. A better understanding of the polymerization and complexation of silica is needed to model properly the behavior of metal ions in the environment, and especially if released from high-level radioactive wastes.
Dissolution and/or suspension of radioactive elements, such as actinides/lanthanides and fission products present in nuclear wastes, can lead to their release and migration from storage sites. The majority of the single-shell storage tanks at the US-DOE (Department of Energy) Hanford, Washington site contain very basic, high-level radioactive waste solutions. Over decades, many of these tanks have released some of the radioactivity into the subsurface 151. The chemical form of these released radionuclides is the most important factor determining their environmental behavior. Sorption/desorption, ion exchange, precipitation/dissolution, aqueous complexation and redox reactions are active in this speciation. There have been extensive studies on aspects of the probable reactions of the metal cations of the actinides and fission products with the ligands expected to be present in the natural waters (e.g., OH', C0 3 2 ", HC0 3 ', S0 4 2 ", F" and PO4 3 ") /6-16/. Of major importance in determining the problems associated with the leaking tanks is the role of silicic acid, released in dissolution of silica/aluminosilicate minerals, in the environmental behavior of these radionuclides. Recent studies on silica dissolution have indicated that its concentration may reach as high as 0.1 M, which could make it a major ligand for interaction resulting in migration /17/.
An aspect of silica behavior in aquatic environment which needs better understanding is the nature and extent of its polymerization and the effect of this on silicate complexation with metal ions. Many modeling studies have treated carbonate as the principal ligand for complexation and mobility of many metal ions in groundwater systems. However, complexation by silicate ions can be stronger than that of carbonate at higher concentrations of silicates, due to the high electrostatic charge of large silicate polymers 1171. Initial studies have indicated that silica complexation can be a significant pathway for transport of radionuclides through the vadose zone /18/. An adequate data base of the speciation and transport of metal ions complexed with silicate anions is necessary for the development of valid models of the environmental behavior of many cations.
The direct disposal of spent fuel is seen by many countries as the final storage option for high level nuclear waste. On a geological time scale, it is difficult to ensure the retention of the radioactive material in the waste repository, due to the uncertainty of the Eh-pH conditions over such time. Studies have shown that inorganic particulates/colloidal matter, such as Fe oxide, Si0 2 and clays, can act as carriers for radionuclides /19-26/. The role of these colloids in the dissolution and transport processes must be understood to have
proper estimates of the probability of migration of these materials over very long periods of time.
This paper is a review of studies of the behavior of silicic acid (SA) and the effects of its polymerization on its complexation with metal ions.
POLYMERIZATION

Experimental Techniques and Parameters
ortho-Silicic acid, o-Si(OH) 4 , in natural waters polymerizes to form high molecular weight silicates with two-and three-dimensional structures 11/. Polymerization of silicic acid has been proposed to occur via three different processes: (i) monomer-monomer; (ii) monomer-polymer; (iii) polymer-polymer interactions 1211.
Polymerization of silicic acid has been studied by various techniques including 29 Figure 1 shows the increase in the polymer fraction with increased pH, which reaches a maximum in the pH range of 7 to 8 and then decreases at pH > 8.
The degree of polymerization was found to increase with pH from 2 to 10 at I > 1.00 Μ (NaC10 4 ) and with aging time (t ag ) of the monosilicic acid solution (Figure 2 ). It also increased with increased ionic strength from 39. The point of zero charge (i.e., the pH value where surface charge is zero) and the isoelectric point (the pH range where the electrical mobility is zero) of colloidal silica were measured to be ca. pH 2.5 to 3 and 1 to 2, respectively /l/. This suggests that at low pH (1-2), silica particles bear no charge and the condensation reactions involving the SiOH group with (Si-0-Si) n are not favored, resulting in slow polymerization. At pH > 8.0, this condensation polymerization ceases due to the increase in negative charge on the polymeric species. With further increase in pH, the polysilicate species depolymerize by hydrolysis.
Electrolyte concentrations greater than 1.00 Μ (NaC10 4 ) in the pH range of 7 to 10 lead to coagulation of silicic acid with the particles linked together by acid-base inter-particle bonding rather than by Si-O-Si bonds.
The gradual increase in polymerization of silicic acid with increased ionic strength (> 1 M) is due to the decrease in the magnitude of the negative zeta potential of the silicate sols, as the cations present in the medium reduce the electrostatic repulsion between the negatively charged silica particles. This allows closer approach of the particles, due to an increased degree of van der Waals attraction, and promotes coagulation through Si-0....M n+ ....0-Si bond formation /45-48Λ Gel permeation chromatographic studies have shown that the particle growth is low at ca. pH 2, allowing depolymerization to take place 1211. Such depolymerization is slower in the pH range of 7 to 8 than at pH 2, due to the larger particle size of the polymeric species. The presence of cations in silicic acid solutions leads to the formation of an electric double layer. The repulsive force between the anionic polysilicate species weakens and the reaction between polysilicic acid species is accelerated. Aging Time, min. (e) Presence of the anions such as F' and OH' catalyze the rate of polymerization. 
Effect of Hydroxyl and Fluoride Anions
Hydroxyl and fluoride ions catalyzed the polymerization of silicic acid with a temporary expansion of the coordination number of silicon from 4 to 6. The presence of tracer amounts of aluminium, beryllium, thorium and iron reduced the polymerization due to their complexation with the hydroxyl and fluoride ions /30,31/.
The polymer growth increased with increased fluoride concentration and was most rapid at pH 1 /38/. These studies showed that the growth of polysilicic acid was due mainly to the reaction between monosilicic acid and polysilicic acid. However, the presence of mono-and divalent inorganic salts in silicic acid solutions accelerates its polymerization. Divalent inorganic salts were more effective in promoting the polymer growth than monovalent sodium salts of same concentration /39,40/.
Polymerization and Complexation Behavior of Silicic Acid: A Review
Effect of Acids
Chromatographic techniques were used to study the polymerization behavior of silicic acid with varying pH, silicic acid concentration and temperature, and in the presence of different acid solutions /41-43/. These studies showed that the rate of polymerization of silicic acid followed the order: HC10 4 > HCl ~ HN0 3 > H 2 S0 4 . The concentration of monosilicic acid decreased with increased acidity. The change in elution profiles was used to determine the mechanism for the growth of polymer particles /43/. The growth of the polymeric species in 1 Ν acid solution was attributed to the reaction between monosilicic acid and polysilicic acid. By contrast, the growth was attributed to reactions between polymeric species in 3 Ν and 5 Ν acid solutions. These techniques were also used to identify the probable polymeric species /43/.
Measurements of the % polymerization of 5.00xl0" 3 Μ silicic acid in the presence of different ratios of ions as well as to study the kinetics and mechanism of polymerization 1531. It was observed that intramolecular cyclization processes were faster than the intermolecular polymerization.
NMR Studies
Effect of Organic Compounds
Biological 
Molecular Simulation and Modeling Studies
In recent years, molecular simulation and modeling studies have increased understanding of the polymerization behavior of silicic acid. Simulation studies on the polymerization/network formation of silicic acid used multibody potentials to reproduce the bulk and surface structures of silicate glasses. These studies indicated that chain formation is more important in the early stages of polymerization, followed later by ring formation. This process was supported by NMR data and semi-empirical molecular orbital quantum calculations /56/. In this context, Rao and Gelb reported that, for large water-to-silicon ratios, the initial stage of polymerization was dominated by the conversion of monomers to dimers Ι5ΊΙ.
Based on the Pitzer equations, a thermodynamic model was proposed for polymerized silica species at high ionic strength and high dissolved silica concentration at ambient temperature /58,59/. The model used the solubility, electromotive force (emf), and NMR data and involved monomeric, dimeric, trimeric (linear, cyclic and substituted), tetrameric (linear and cyclic) and hexameric (prismatic) species of silica under basic conditions (pH > 10) /60-64/. This model was valid up to a total silica concentration of 0.1 m and an ionic strength up to 3 Μ /17/. Such studies may be useful in understanding the kinetics and thermodynamics of microscopic structures formed during the gelation process. Table 1 summarizes the important techniques used and the general findings of the polymerization studies of silicic acid.
Polymerization and Complexation Behavior of Silicic Acid: A Review
These studies suggest that various factors such as pH, silicic acid concentration, ionic strength, temperature, etc. influence the polymerization behavior of silicic acid sufficiently that, in order to ensure calculation of the correct stability constant values, care must be taken to measure the exact concentration of silicic acid under the experimental conditions used for the complexation studies of metal ions. 
COMPLEXATION STUDIES
Metal -Silicate Interaction
U0 2 2+ ion
Nuclear fuel cycles include the processing of the uranium reactor fuel for recycling. High level wastes generated in the fuel reprocessing contain larger amounts of uranium than of other actinides and of fission products 195/. If the uranium is released over time from the stored waste, complexation by the anionic silicate in natural water can play a significant role in its subsequent environmental behavior. were not considered in the other studies. Silicate polymerization leads to a decrease in the number of silanol groups per molecule, an increase in the acidity of the silanol groups, and a change in the complexation geometry /96/. Uranyl ion complexation with polysilicate ion forms a more stable six-membered ring chelate than the four membered ring formed by chelation with the o-silicate, which results in the greater log βι value for the polymeric silicate species.
Hrnecek and Irlweck studied the complexation of U0 2 2+ cation with monomeric and polymeric forms of silicic acid by solvent extraction with ΗΤΤΑ (thenoyltrifluoroacetone) as extractant /77/. The fraction of polymeric silicic acid in the aqueous phase was measured spectrophotometrically as a function of pH and aging time by the ammonium molybdate method III. The formation of a U0 2 2+ complex with polymeric silicate was observed for 0.067 Μ silicic acid solution in the pH range of 3.3 to 3.9. Experiments using aged silicic acid solutions showed an increase in stability constant values with increased aging time /68/, which was attributed to increased polymerization of the silicic acid.
These studies indicated that dissolved polysilicates may influence the inorganic speciation of U0 2 2+ cation in natural waters.
EU
3+ ion
The interaction of Eu 3+ ion with o-Si(OH) 4 was studied by solvent extraction using HDEHP (bis(2- The relative concentration of these five silicate species decreased with increased degree of polymerization.
At high pcH, the changes of fluorescence lifetimes, fluorescence intensity, and the concentration of 
DISCUSSION
Studies of silicic acid systems are complicated for natural water conditions. A number of techniques can be used to study the polymerization of silicic acid such as spectrophotometry, chromatography, 29 Si NMR and Raman spectroscopy. Monomeric silicic acid is most stable at ca. pH 2 and most unstable at pH 7-8. shows that log β values are generally dependent on the charges and radii of the metal ions and the relative order of the complexation of the metal cation is: 
Metal ions
